Introduction
SiC epitaxial layers (epi-layers) grown on substrates with a vicinal off-angle of lower than 1° are effective for suppressing anisotropic side wall characteristics of trench devices [1] and reducing wafer cost. We have reported that various defects such as triangular defects and polytype inclusions easily generate in growth of epi-layers with an off-angle of lower than 1° but these defect density drastically decreases with lowering C/Si ratio to 0.7 [2] .
Basal plane dislocations (BPDs) in epi-layers should be reduced because stacking faults which originate from BPDs lead to degradation of bipolar device performances [3] . BPD density in epi-layers is less than that in substrates because of conversion of BPD to threading edge dislocation (TED) in growth of epi-layers with off-angles of 8° and 4° [4] [5] [6] . Moreover, it has been reported that BPD density decreases with decreasing off-angle from 8° to 4° and drastically increases when the growth proceeds at low C/Si ratio [6] . Therefore, conversion ratio of BPD to TED in epi-layers with an off-angle of lower than 1° grown at low C/Si ratio is indeterminate; on the contrary, it has not been possible to confirm whether or when the conversion occurs because there is no report about the conversion in epi-layers with an off-angle of lower than 1°.
In this study, we have grown epi-layers with an off-angle of lower than 1° at low C/Si ratio and investigated the conversion of BPD to TED by using deep KOH etching and X-ray topography observations. In addition, we estimated the conversion ratio by counting deep KOH etch pits. 
Experimental procedure
Epi-layers were grown on 3 or 4-inch 4H-SiC Si-face substrates with an off-angle of 0.85° toward > < 0 2 11 using a horizontal hot-wall chemical vapor deposition system. Hydrogen was used as the carrier gas, and silane and propane were used as the precursors. The growth was performed at a temperature of 1660 °C and a pressure of 10.3 kPa for 2-3 h. The growth proceeded at low C/Si ratio of 0.7 in order to suppress generation of various defects [2] . Thickness and carrier concentration of epi-layers were 8 -13 µm and about 10 16 cm -3 , respectively. We etched epi-layers in molten KOH at 570 °C and evaluated etch pits by using Nomarski optical microscopy (NOM) and scanning electron microscopy (SEM). Transmission X-ray topography observations were performed before and after epitaxial growth for 0 2 11 reflection using Mo X-ray beam. Reflection X-ray topography measurements were performed after epitaxial growth using synchrotron radiation X-ray beam (wavelength of 0.14 nm) for 28 1 1 reflection. The incident angles to the surface of samples and the penetration depth of the X-ray into samples were 7.2° and about 40 µm, respectively. Figure 1 shows NOM images of an epi-layer with an off-angle of 0.85° after KOH etching for (a) 3, (b) 6 and (c) 9 min. There are relatively large and small etch pits which indicate existence of threading screw dislocations (TSDs) and TEDs, respectively, at the etching time of 3 min. These etch pits become large with increasing etching time. We focused on etch pits of TEDs. Shape of their bottoms begins to change when the etching proceeded for 6 min although their outlines are rounded hexagonal shape regardless of etching time. The bottom shapes of "TED1" and "TED2" is rounded hexagonal shape and shell shape which suggests existence of BPD, respectively, at the etching time of 9 min. Thus, we found two types of TED etch pits. It is expected that dislocations in the epi-layer and the substrate are observed simultaneously by deep KOH etching. 
Results and discussion
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Silicon Carbide and Related Materials 2013 Figure 2 shows SEM birds-eye images of (a) "TED1" and (b) "TED2". NOM images of each etch pits are shown in the inset. We found that the bottoms of these etch pits are darker than the surface of epi-layer. It has been reported that SEM contrast changes depending on carrier concentration [7] , and the carrier concentrations of the substrate and epi-layer were about 10 18 and 10 16 cm -3 , respectively. Therefore, the bottoms of these etch pits presumably reach the substrate. It is thought that "TED1" shows TED which propagates from the substrate because of the hexagonal shaped bottom. On the other hand, "TED2" shows TED converted from BPD in the substrate because of the shell shaped bottom. This result indicates that the conversion occurred in growth of epi-layers grown on substrates with an off-angle of lower than 1°.
We also investigated when the conversion of BPD to TED occurs and confirmed that "TED2" shows TED converted from BPD by using X-ray topography. Figure 3 shows transmission images of (a) before and (b) after epitaxial growth, and (c) a reflection image after epitaxial growth at the same area. There are three TSDs and a BPD in Fig. 3 . Many TEDs can be seen only in Fig. 3 (c) using synchrotron radiation X-ray beam because of the high resolution. Figure 3 (c) shows the BPD is linked with a TED marked as A. It indicates that the BPD converted to the TED [4] . In addition, length of the BPD increases after epitaxial growth by comparing Fig. 3 (a) with (b). White dashed lines in Fig. 3 (a) and (b) show an edge of the BPD before epitaxial growth. The extended length of the BPD is about 100 µm which indicates that the BPD converted to the TED when the thickness of epitaxial layer had been about 1.5 µm. We investigated five TEDs converted from BPDs. Two BPDs have been converted near the epi-layer/substrate interface and others have been converted during the epitaxial growth when the thickness of epi-layer was 1.0-1.5 µm. It suggests that most BPDs in substrates convert to TEDs within 1.5 µm thickness of epi-layers. Figure 4 shows NOM images of the epitaxial layer after KOH etching for (a) 6, (b) 9 and (c) 12 min at the same area of Fig. 3 . There are etch pits which show the existence of TSDs and TEDs at the same position of these dislocations shown in Fig. 3 . We found that the etch pit of TED marked as A is type of "TED2". We could confirm that "TED2" surely shows the conversion of BPD in substrates to TED in epi-layers. 
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We performed deep KOH etching and estimated a conversion ratio of BPD to TED in the 4-inch epi-layer by counting "TED2" and BPD etch pits. The conversion ratio was defined as the ratio of "TED2" to "TED2 plus BPD". The BPDs density in the epi-layer was evaluated at the whole 4-inch wafer to be correctly estimated because the epi-layer had a low number of BPDs. The density of BPDs in the epi-layer was 0.2 cm -2 since there were eighteen BPDs in the whole wafer. In contrast, the density of "TED2" evaluated in an area of 1 cm 2 was 6.2 × 10 2 cm -2 . As a result, the conversion ratio was estimated over 99%; the conversion ratio of epi-layers with off-angle of lower than 1° is high even in the growth at low C/Si ratio of 0.7. In contrast, the conversion does not occur so much in growth of epi-layers with off-angles of 8° and 4° at such low C/Si ratio [6] . It indicates that the conversion ratio drastically increases with decreasing off-angle to lower than 1°. It has been reported that the elastic energy per unit growth length of TEDs is much smaller than that of BPDs which leads to the conversion of BPD to TED [4] . The elastic energy of dislocations is inversely proportional to cos α, where α is the angle between direction of dislocation line and normal direction of growth surface. It suggests that the elastic energy of BPDs in the case of 0.85° off-angle is 9 times and 5 times as much as that in the case of 8° and 4° off-angles, respectively. Therefore, the conversion ratio drastically increases with decreasing off-angle because of increase in difference of elastic energy between BPDs and TEDs. As a result, the conversion ratio of epi-layers with an off-angle of lower than 1° was high even in growth at low C/Si ratio.
Summary
We investigated whether or when conversion of BPD to TED occurs in epi-layers with an off-angle of 0.85° grown at low C/Si ratio of 0.7. Deep KOH etching suggested that the conversion occurred, and X-ray topography indicated that the most conversion occurred during epitaxial growth when the thickness of epi-layer was less than 1.5 µm. The conversion ratio obtained from deep KOH etching was almost over 99%; the conversion ratio of epi-layers with an off-angle of lower than 1° was high even in growth at low C/Si ratio.
